The prevalence of obstructive sleep apnea (OSA) is about 1-3% in children aged 2-18 years, and is the same in boys and girls.
performance. Adenotonsillectomy is highly effective when used to treat OSA symptoms, leading to normalization in 85% to 90% of cases. 5, 6) Improvements are maintained for up to 2 years after surgery.
7)
The outcomes of adenotonsillectomy to treat OSA can be objectively evaluated using data from pre-and post-operative polysomnography (PSG). However, overnight multi-channel PSG is time-consuming, labour-intensive in setting up, expensive, and difficult to perform especially in children. In fact, many patients cannot sleep well during PSG tests due to the discomfort of the enormous lead wire required for these. Therefore, there is a need for simplified recording and monitoring instruments that are capable of convenient and reliable screening of OSA at home. Nowadays, many researchers tend to use other measures such as physical parameters or questionnaires and numerous studies have developed portable technology. 8) Snoring is the major and most common manifestation of OSA and is caused by the vibration of soft tissues due to turbulent airflow through a narrow oropharynx in the upper airways. 9, 10) Depending on the shape and physical dimensions of the upper airway, different snoring sounds with diverse acoustic properties are produced. These properties could be used to analyze snoring acoustically as a kind of signal resulting from the human upper airway structure.
11)
In acoustic analysis, sound recording is important. To date, most studies have used expensive equipment in controlled laboratory settings, thus not reflecting sleep, snoring, or OSA patterns in real life. Recently, smartphones have been successfully used to record snoring sounds, facilitating self-monitoring of snoring, which is useful for general health care and telemedicine. [11] [12] [13] In this study, we analyzed and compared snoring sounds using intensity, formant frequency, and spectrography recorded with a smartphone, before and after adenotonsillectomy, and determined the effects of adenotonsillectomy on snoring in children. We also investigated the possibility of using smartphone-based acoustic analysis of child snoring as a follow-up tool after adenotonsillectomy to treat snoring.
Subjects and Method

Patients
Children presenting with snoring, mouth-breathing, and adenotonsillar hypertrophy, who underwent adenotonsillectomies by the same surgeon at our hospital from January 2016 to August 2016, were enrolled. Otorhinolaryngological examinations were conducted and cases with the following features were excluded: 1) younger than 3 or older than 18 years of age, 2) prior adenotonsillectomy, 3) craniofacial syndrome, neuromuscular disease, any genetic disorder, or developmental delay, 4) asthma, nasal septal deviation, chronic hypertrophic rhinitis, or allergic rhinitis, and 5) body mass index at the 95th percentile or higher. 6) A total of 20 children were included in the study; 7 were boys (mean age of 5.3 years) and 13 were girls (mean age of 6.8 years). All of the children exhibited tonsil hypertrophy of more than Grade III, and the mean adenoid index was 0.8 ( Table 1) .
Methods
Before and after surgery (mean of 8.5 days), snoring in all of the patients was recorded by caregivers using smartphones, and analyzed. Telephone questionnaire surveys were conducted at 3 months and 12 months after surgery to explore snoring status. As a control group, three patients (mean age of 5.8 years) with Grade I tonsil hypertrophy were randomly selected and the intensity of snoring sound was measured. Recording of snoring sounds and acoustic analysis the smartphone operated on the Android system. A custom-made program on the smartphone acquired ambient sounds from the built-in microphone and analyzed it on a real-time basis. During sleep, caregivers recorded snoring sounds using smartphones. To eliminate possible differences among recording devices, we only used Samsung Galaxy smartphones (Samsung Electronics Ltd., Suwon, Korea). The smartphone was placed above the shoulder (within arm's reach) of each subject just before the child fell asleep. However, we did not impose any restriction regarding where the phone could be placed on the bed. 11, 12) We asked each caregiver to perform three recordings, and from these, selected the first snoring sounds made imme- Values are mean±standard deviation diately after an OSA event developing during sleep. Each recording was a minimum of 10 sec in length. [11] [12] [13] The acoustic characteristics of all three sounds were averaged and evaluated using Praat software (ver. 5.2.16; University of Amsterdam, Amsterdam, the Netherlands). The sampling rate was 44 kHz. We measured the sound intensity in decibel (dB), the formant frequencies, and the spectrographs of pre-and post-operative sleep.
Questionnaire
We asked whether snoring had disappeared or had recurred, and we explored caregiver subjective satisfaction using a Visual Analog Scale (VAS).
Statistical analysis
We evaluated differences in snoring sounds between preand post-operative sleep using the Wilcoxon signed-rank test. All of the statistical tests were performed with the aid of SAS software (ver. 9.4; SAS Inc., Cary, NC, USA). A p value ＜0.05 was considered statistically significant. The study was approved by the Institutional Review Board of our hospital (IRB No. BSM-2017-07), and we obtained written parental informed consent.
Results
Acoustic analysis
The mean intensity of control group is 29.18 dB. The mean intensity of pre-operative snoring (20 patients) was 58.07± 9.35 dB, 880.48±273.01 Hz in the F1 formant and 1900.96± 407.16 Hz in the F2 formant. During the immediate post-operative follow-up period (mean of 8.5 days), 5 patients exhibited complete loss of snoring and 15 patients had decreased but still audible snoring. The average snoring intensity in the latter 15 patients was 42.59±7.89 dB, which was statistically significantly lower than the pre-operative snoring level (58.07± 9.35 dB, p＜0.001), but we found no statistically significant change in formant frequency (Table 2) .
Spectrography
Spectrography well revealed the snoring patterns before and after surgery. In children in whom snoring disappeared after adenotonsillectomy, spectrography only revealed background noise; the snoring waveform seen before operation disappeared (Fig. 1) . In children who continued to snore after adenotonsillectomy, spectrography showed that the snoring waveform prior to adenotonsillectomy decreased (Fig. 2) .
Questionnaire responses
Caregivers reported that the snoring intensity significantly decreased from 7.3±1.9 to 1.0±1.1 (using a VAS) 3 months after operation (p＜0.001; Table 3 , via telephone survey): all of the caregivers reported that snoring had ceased in all patients. Snoring recurred in only one patient after 1 year of operation; the grade rose from 0 (3 months after operation) to 7 (1 year after operation) on the VAS.
Discussion
The most accurate and comprehensive method used to diagnose OSA is multichannel full-night PSG, 14) but most studies have not performed PSG prior to adenotonsillectomy to treat OSA in pediatric patients 15, 16) because of its cost and the fact that it is technically difficult and time-consuming, particularly in children. Therefore, many researchers tend to use other measures such as physical parameters or questionnaires but many screening tools based on physical parameters or questionnaires lack specificity.
8)
Acoustic snoring analysis is a useful screening test, and many studies have used this approach since Ben-Israel performed the first analysis of snoring sounds. 17) Various parameters are used for acoustic analysis of snoring. Brietzke and Mair 18) showed the correlation between snoring intensity and the severity of OSA using acoustic analysis in pediatric patients. They showed a positive correlation between apneahypopnea index and the intensity of snoring. The mechanism how the severity of OSA influences the snoring intensity is not well known but it might be possible that negative pressure Values are mean±standard deviation. * p＜0.05. F1: first formant frequencies, F2: second formant frequencies generated during apnea might be higher in severe OSA patients such that the snoring intensity might be increased. 19) During our immediate post-operative follow-up, caregivers of snoring children felt subjectively that snoring and OSA symptoms were alleviated, and objectively, we found that snoring intensity was significantly reduced. Considering the results, snoring intensity may be associated with OSA severity. A spectrograph is a visual representation of the frequency spectrum of sound over time. We found that when snoring disappeared after adenotonsillectomy, the spectrograph only Fig. 1 . A sample spectrograph of a child in whom snoring disappeared after adenotonsillectomy. The spectrograph shows that only background noise was observed; the snoring waveform evident before operation disappeared. A pre-operative spectrograph of a child in whom snoring disappeared after adenotonsillectomy (A). A post-operative spectrograph of a child in whom snoring disappeared after adenotonsillectomy (B).
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exhibited background noise; the snoring waveform seen before operation disappeared. In children who continued to snore after adenotonsillectomy, spectrography showed that the snoring waveform evident before adenotonsillectomy decreased. Spectrography was useful reflecting snoring after surgery.
Similar to the vocal tract in speech production the upper airway acts as a variable acoustic filter in the generation of snoring sounds. 11, 20, 21) Depending on the shape and physical dimensions of the upper airway, different snoring sounds with diverse acoustic properties, or formant frequencies, are produced. In speech science, a formant is used to indicate the Fig. 2 . A spectrograph of a child in whom snoring persisted after adenotonsillectomy. The spectrograph shows that the snoring waveform decreased after adenotonsillectomy. A pre-operative spectrograph of a child in whom snoring persisted after adenotonsillectomy (A). A post-operative spectrograph of a child in whom snoring persisted after adenotonsillectomy (B).
acoustic resonance of the human vocal tract, and these properties could be used to analyze snoring as a kind of signal resulting from the human respiratory structure. Variation in the F1 formant reflects airway changes in apneic snorers, whereas variation in the F2 formant reflects changes in tongue morphology. 11, 20, 21) In contrast F3 reflecting the shape of the lips, it was excluded because it is not meant in the research of the author. In this study, our acoustic analysis of snoring sounds revealed no statistically significant difference in F1 or F2 snoring sound formant frequencies between the pre-operative and immediate post-operative snoring sounds (the latter evaluated at a mean of 8.5 days post-operatively). This means that snoring sounds decrease immediately post-operatively, but anatomical changes are somewhat delayed.
Recent research trends are taking place in living spaces non-PSG room and study with a smartphone has an advantage in this respect. Nakano, et al. 22) attempted to use a smartphone for monitoring snoring and OSA and proved to be considerably effective in detecting snoring and OSA events. Shin and Cho 12) set up the experimental recording system using smartphone, and they conclude that smart phones, could be a promising approach to record sleep patterns. So, we recorded snoring sound using smart and obtained a satisfactory result. Smartphone-based sleep measurement techniques have been developed to provide personalized sleep care.
12)
The peak incidence of OSA is evident in those aged 4 to 6 years.
23) The mean age of our children was 6.3 years, and 70%
were aged ＜6 years. The tonsils vary in size. Suen, et al. 24) reported that children with respiratory distress indices (RDIs)
≥5 had significantly larger tonsils than those with RDIs ≤5. Several studies have indicated that the prevalence of severe OSA increases as tonsil size increases. 25) However, the correlations between adenoid size and OSA have varied. 26, 27) In our study, all of the cases were of Grade III or higher. The adenoid index ranged from 0.5 to 1.0. Our case numbers were perhaps too small to allow us to reliably predicting snoring severity by tonsil size or the adenoid index; thus, more studies are needed. Adenotonsillectomy is the primary treatment for pediatric OSA patients. Li, et al. 28) reported significant improvements in respiratory parameters on the second night after adenotonsillectomy to treat OSA; sleep apnea symptoms also improved early in the follow-up period. We found that 25% of patients ceased snoring in the first week after surgery, and snoring fell in the remaining 75%. Three months after operation, snoring had ceased in all patients, indicating the utility of adenotonsillectomy in this context. However, many recent studies have only reported partial resolution of OSA symptoms and parameters after adenotonsillectomy, and many patients required additional treatments for residual disease. 29) Indeed, in one study, the proportions of patients exhibiting permanent OSA after adenotonsillectomy were 16-27%. Although adenotonsillectomy resolves OSA in the vast majority of children, persistent OSA remains challenging. 23) In this study, snoring recurred in only one of our patients 1 year after operation. This study, however, has some limitations. First, this study was performed using a home-based smartphone instead of gold standard PSG, therefore, this could be another study that may prove the validity of smartphone based snoring recording compared to standard PSG. It also there is no consideration of important factors such as sleep phase, sleeping posture and it is possible that the evaluation was not made under the same conditions before and after surgery. Second, the evaluation was not performed after the wound was fully healed and the number of subjects was relatively small compared with that in a previous study; more case studies with longer-term follow-up are needed.
In conclusion, immediately after adenotonsillectomy, snoring completely ceased in 25% of patients and decreased in the remaining 75% early in the follow-up period. Snoring ceased in all of the patients 3 months after adenotonsillectomy; only one recurrence was recorded after 1 year, consistent with both the acoustic analysis and the subjective views of the caregivers. Thus, acoustic analysis of snoring sounds obtained using a smartphone may be useful for monitoring snoring during follow-up after adenotonsillectomy in pediatric snoring patients. 
